Hyperandrogenic women have various grades of ovulatory dysfunction, which lead to infertility. The purpose of this study was to determine whether chronic exposure to androgen affects the expression of kisspeptin (ovulation and follicle development regulator) or release of luteinizing hormone (LH) in female rats. Weaned females were subcutaneously implanted with 90-day continuous-release pellets of 5α-dihydrotestosterone (DHT) and studied after 10 weeks of age. Number of Kiss1-expressing cells in both the anteroventral periventricular nucleus (AVPV) and arcuate nucleus (ARC) was significantly decreased in ovary-intact DHT rats. Further, an estradiolinduced LH surge was not detected in DHT rats, even though significant differences were not observed between DHT and non-DHT rats with regard to number of AVPV Kiss1-expressing cells or gonadotrophin-releasing hormone (GnRH)-immunoreactive (ir) cells in the presence of high estradiol. Kiss1-expressing and neurokinin B-ir cells were significantly decreased in the ARC of ovariectomized (OVX) DHT rats compared with OVX non-DHT rats; pulsatile LH secretion was also suppressed in these animals. Central injection of kisspeptin-10 or intravenous injection of a GnRH agonist did not affect the LH release in DHT rats. Notably, ARC Kiss1-expressing cells expressed androgen receptors (ARs) in female rats, whereas only a few Kiss1-expressing cells expressed ARs in the AVPV. Collectively, our results suggest excessive androgen suppresses LH surge and pulsatile LH secretion by inhibiting kisspeptin expression in the ARC and disruption at the pituitary level, whereas AVPV kisspeptin neurons appear to be directly unaffected by androgen. Hence, hyperandrogenemia may adversely affect ARC kisspeptin neurons, resulting in anovulation and menstrual irregularities.
Introduction
Hyperandrogenism is a state characterized by excessive levels of androgens. Commonly diagnosed disorders involving hyperandrogenism in reproductive-age women include ovulatory disorders and polycystic ovary syndrome (PCOS) (Goodman et al. 2001) . Characterized by anovulation, menstrual irregularity and high androgen concentrations, PCOS is one of the most common hormonal disorders in women. It has been inferred that excess androgen observed in PCOS patients results from abnormalities in the hypothalamic-pituitary-gonadal (HPG) axis (Ehrmann 2005) . Additionally, high levels of adrenal androgen are observed in 25% of PCOS patients 233:3 (Moran et al. 2015) . As women with hyperandrogenemia have varying degrees of ovulatory dysfunction (Steinberger et al. 1984 , Goodman et al. 2001 , it is possible that excessive androgens affect the HPG axis and cause ovarian dysfunction.
Encoded by the Kiss1 gene, kisspeptin and its receptor, G protein-coupled receptor 54 (GPR54), play a pivotal role in the regulation of ovulation and follicle development by stimulating release of gonadotrophin-releasing hormone (GnRH) and LH in mammals (Roa et al. 2011) . Mutations in GPR54 cause hypogonadotropic hypogonadism in both humans and mice (de Roux et al. 2003 , Funes et al. 2003 , Seminara et al. 2003 . In rodents, kisspeptin neurons are found primarily within the anteroventral periventricular nucleus (AVPV) and arcuate nucleus (ARC). AVPV kisspeptin neurons are considered to be a target of estrogen-positive feedback, responsible for the induction of preovulatory GnRH/LH surges. Conversely, ARC kisspeptin neurons mediate negative feedback actions of sex steroids upon GnRH/LH secretion. Moreover, in many mammals, ARC kisspeptin neurons also coexpress neurokinin B (NKB) and dynorphin (Dyn), designated as KNDy neurons, these cells are thought to be involved in the generation of pulsatile GnRH/LH secretions (Lehman et al. 2010a ).
Manneras and coworkers reported that female rats continuously administered 5α-dihydrotestosterone (DHT) from prepuberty to an adult age exhibited irregular estrus cycles (Manneras et al. 2007 ). In addition, hypothalamic kisspeptin immunoreactivity was reduced in female rats chronically exposed to DHT (Brown et al. 2012) . To investigate whether chronic exposure to androgen in female rats affects kisspeptin expression in the AVPV and ARC or LH release, we utilized a chronic DHT exposure model in this study. Further, we performed the first investigation of androgen receptor (AR) expression within kisspeptin neurons in the AVPV and ARC of female rats. Previously, colocalization of AR in kisspeptin neurons have been revealed in the ARC of male mice and ewe (Lehman et al. 2010b , Smith et al. 2005 and in the AVPV of male mice (Clarkson et al. 2012) .
Materials and methods

Animals
The present study was approved by Nippon Medical School's Committee on Animal Research. Female rats of Wistar-Imamichi strain (Institute for Animal Reproduction, Ibaraki, Japan) were housed in a controlled (14-h light/10-h dark, 06:00 lights on) environment with free access to food and water. For hyperandrogenic model animals, female rats (20-22 days of age) were implanted subcutaneously with 90-day continuousrelease pellets (Innovative Research of America, Sarasota, FL, USA) containing 7.5 mg DHT (DHT rat) and weaned (Manneras et al. 2007) . Other intact female animals were used for control groups (non-DHT). From 8 weeks of age, vaginal smears from all animals were checked daily until use in experiments. Studies were performed after 7-12 weeks of DHT implantation, when rats were 10-15 weeks of age. DHT pellets remained implanted until animals were killed. For double staining of Kiss1 and AR, female 7-week-old rats were utilized. Animals having shown at least 2 consecutive 4-day estrus cycles were used. All surgical procedures were performed under isoflurane anesthesia.
Brain sectioning for AVPV or ARC
For in situ hybridization studies and immunohistochemistry, every second section through the AVPV and periventricular hypothalamic nucleus (PeN) (from 0.48 mm anterior to 0.36 mm posterior to the bregma (Paxinos & Watson 2007) ) or every fourth section through ARC (from 1.72 mm to 4.36 mm posterior to the bregma) was used. Numbers of Kiss1-expressing or immunoreactive cells were manually counted under a light microscope (BX51 microscope, Olympus), and the sum of the cell number in brain sections was obtained. Details of GnRH immunohistochemistry are described below.
In situ hybridization
Kiss1 in situ hybridization was performed as previously described (Adachi et al. 2007) . Briefly, animals were deeply anesthetized with sodium pentobarbital and saline was perfused through the heart, followed by 4% paraformaldehyde (PFA) in 0.05 M phosphate buffer (PB) between 13:00 and 17:00. Intact brains were removed from skulls and stored in 4% PFA overnight at 4°C. The following day, brains were immersed in 0.05 M PB containing 30% sucrose at 4°C for 4 days to protect against cryodamage. Serial 50-µm coronal sections containing AVPV or ARC were obtained. A Kiss1-specific digoxigenin (DIG)-labeled probe was used for free-floating in situ hybridization. A DIG-labeled antisense RNA probe was synthesized from full-length rat Kiss1 template cDNA 233:3 (GeneBank accession #AY196983) (Terao et al. 2004 ) using a DIG RNA labeling kit (Roche Diagnostics). Every second section through the AVPV and PeN, as well as every fourth section through the ARC, was hybridized with labeled probe (1 μg/mL in hybridization buffer). To visualize DIG labeling, sections were incubated with an alkaline phosphatase (AP)-conjugated anti-DIG1 antibody (1:1000, Roche Diagnostics) for 2 h at 37°C and then placed in 4-nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate solution (Roche Diagnostics).
Kiss1-expressing cells were manually counted under a light microscope.
GnRH immunohistochemistry
Serial 50-µm coronal sections containing the preoptic area (POA, from 0.12 mm to 0.72 mm anterior to the bregma) and median eminence (ME, from 2.64 mm to 3.12 mm posterior to the bregma) were obtained from rats as described in 'Experiment 2' section. Every second section through the PoA and one section of median eminence were incubated with anti-GnRH antibody (1:1000, mouse monoclonal, provided by Dr Min Kyun Park, The University of Tokyo, Japan (Park & Wakabayashi 1986) ) for 24 h at 4°C. Sections were washed and incubated with biotin-conjugated anti-mouse IgG (Histofine SAB-PO (M) Kit, Nichirei Biosciences, Tokyo, Japan) for 2 h, followed by incubation in avidin-biotinylated horseradish peroxidase (HRP) complex (Histofine SAB-PO (M) kit) for 2 h. GnRH immunoreactivity was visualized using 3′3-diaminobenzidine (DAB) mixed with 0.03% hydrogen peroxide. Photomicrographs were obtained using a BX51 microscope (Olympus) and images were exported in .tiff format. ImageJ software, version 1.46 (imajej.nih.gov), was used to measure the area of GnRH-ir fibers. GnRH-ir cells were manually counted under the light microscope.
Neurokinin B (NKB) immunohistochemistry
Serial 50-µm coronal sections containing ARC were obtained from animals as described in 'Experiment 2' section. Every fourth section through the ARC was incubated with anti-NKB antibody (1:2500, rabbit polyclonal, Novus Biologicals, Littleton, CO, USA) (Sawai et al. 2012) for 24 h at 4°C. To visualize immunoreactive cells, a Histofine kit was used as previously described.
Figure 2
Estradiol-17β (E2)-induced luteinizing hormone (LH) surge and expression of Kiss1 mRNA in the AVPV of non-DHT and DHT rats. All animals were ovariectomized and implanted with tubes containing a high concentration of E2. (A) Changes in plasma LH levels were assessed in freely moving conscious rats from 13:00 to 20:00. Values are expressed mean ± s.e.m. (each group, n = 9). Statistical differences were determined by two-way repeatedmeasures ANOVA (clock time and group), followed by Bonferroni correction. *P < 0.05, vs 13:00. # P < 0.05, vs DHT rats. Statistical differences were determined by unpaired Student's t-test. *P < 0.05 vs non-DHT rats. Numbers in each column represent the number of animals examined. (F) Plasma LH levels of rats utilized for double staining of Kiss1 and c-Fos. Statistical analysis was performed as previously described for (A) (non-DHT, n = 4; DHT, n = 5).
Double-labeling fluorescence in situ hybridization (Kiss1) and immunohistochemistry (AR)
After hybridization with a DIG-labeled antisense RNA probe for Kiss1 (1 μg/mL), sections were incubated with blocking buffer (1% bovine serum albumin (BSA) in 0.1 M Tris-buffered saline (TBS)) for 1 h at 37°C. Next, sections were washed with 0.1 M phosphate-buffered saline (PBS), followed by incubation with rabbit anti-AR antibody (1:250, rabbit monoclonal, Epitomics, Burlingame, CA, USA) in 0.1 M PBS overnight at 4°C. The following day, sections were washed with 0.1 M PBS and incubated with Alexa Fluor 488-conjugated donkey anti-rabbit IgG antibody (1:500, Thermo Fisher) and AP-conjugated anti-DIG1 antibody (1:1000) in 0.1 M PBS for 2 h at 37°C. After a 5-min wash, DIG labeling was detected using a 2-hydroxy-3-naphtholic acid-2′-phenylanilide phosphate (HNPP) fluorescent detection set (Roche Diagnostics). Fluorescence images were obtained using confocal laser microscopy (LSM710, Carl Zeiss). Immunoreactive cells were manually counted within single images displayed on a monitor. Cells were counted in every second section through the AVPV and every fourth section through the ARC.
Double-labeling fluorescence in situ hybridization (Kiss1) and immunohistochemistry (c-Fos)
The procedure is almost identical as performed for double staining of Kiss1 and AR. Briefly, after hybridization (probe concentration; 0.3 μg/mL), sections were incubated with blocking buffer containing 5% normal donkey serum for 1.5 h at 37°C. After washing with 0.1 M PBS, sections were incubated with mouse antic-Fos antibody (1:50, sc-166940, mouse monoclonal, Santa Cruz Biotechnology) in 0.1 M PBS for 2 days at 4°C. After washing, sections were incubated with Alexa Fluor 488-conjugated donkey anti-mouse IgG antibody (1:500, Thermo Fisher) and AP-conjugated anti-DIG1 antibody (1:2000) in 0.1 M PBS for 2 h at 37°C. DIG labeling was detected using a kit (Fast Red TR/Naphthol AS-MX Tablets, Sigma). Fluorescence images were obtained using confocal laser microscopy (LSM710). Z-stack images of each brain slice were acquired at 2.5-μm intervals. Kiss1 cells with or without c-Fos immunoreactivity were manually counted on a monitor. Cells were counted in every second section through the AVPV (n = 4-5 per group). Effect of rat kisspeptin 10 (kp-10) and GnRH agonist on LH release in non-DHT and DHT rats. Kp-10 was injected (arrow) into the third ventricle (3V) 1 h after commencing blood sampling. Buserelin, a GnRH agonist, was intravenously injected into rats 1 h after commencing blood sampling. Normal diestrus rats were used as a control group (non-DHT). DHT rats were ovary-intact animals. Statistical differences were determined by two-way repeated measures ANOVA (time and group), followed by Bonferroni correction. *P < 0.05, vs blood sample just before kp-10 or buserelin injection (time 0). # P < 0.05, vs DHT rats. Each group, n = 6 (A). Non-DHT, n = 4; DHT, n = 6 (B).
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Ovarian histology
Ovaries of all study animals were weighed, fixed in 4% PFA at 4°C and embedded in paraffin. Ovaries were serially sectioned at 5-μm intervals. Every fifth section (DHT group) or every tenth section (non-DHT group) was mounted on a glass slide and stained with hematoxylin and eosin to confirm either the presence or absence of corpus luteum. Ovarian histology was verified under a light microscope.
Brain surgery
A guide cannula for third ventricle (3V) injection (23G; Plastic One, Roanoke, VA, USA) was stereotaxically implanted a week prior to experiments. Stereotaxic coordinates for the 3V cannula, determined according to a rat brain atlas (Paxinos & Watson 2007) , were 0.8 mm posterior and 7.5 mm ventral to the bregma at midline. At the end of an experiment, an amount of 3% brilliant blue equal to that used during experiments was infused into 
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the 3V to verify cannula placement within each animal. Cannula location was also verified by visual inspection.
LH assay
Plasma LH concentrations were determined using a double-antibody radioimmunoassay (RIA) kit for rat LH provided by the National Hormone and Peptide Program (Baltimore, MD, USA). Values are expressed in terms of the National Institute of Diabetes and Digestive and Kidney Diseases rat LH-RP-3. Minimum detectable level for utilized sample size (50 µL) was 0.156 ng/mL, with intraassay and interassay coefficients of variation of 5.5% and 18.2%, respectively, at 0.63 ng/mL.
Estradiol assay
Plasma estradiol levels were measured using a commercial kit (Estradiol ELISA Kit, Cayman Chemical). Prior to perfusion, blood samples were collected from high E2-treated rats with a silicon cannula. Plasma (100 μL) and standard samples for ELISA were extracted twice with diethyl ether and dissolved in ELISA buffer (100 μL). Extracted samples were assayed in duplicate according to kit instructions. Minimum detectable level for the utilized sample size (50 µL) was 6.6 pg/mL. Intra-assay coefficients of variation were 8.7% and 10.3% at 550.0 pg/mL and 193.1 pg/mL, respectively. All samples were assayed in a 96-well plate format.
Experimental design
Experiment 1
To determine the effect of chronic exposure to DHT on expression of Kiss1 mRNA within the AVPV and ARC of intact animals, DHT (n = 6) and non-DHT (diestrus, n = 5) rats were perfused with 4% PFA under anesthesia for in situ hybridization.
Experiment 2
To determine whether high levels of estrogen are capable of inducing AVPV kisspeptin expression and LH surges in DHT rats, estrogen treatments and blood sampling were conducted as previously described ). DHT (n = 9) and non-DHT (n = 9) rats were ovariectomized (OVX) and implanted with subcutaneous Silastic tubing (1.57-mm inner diameter; 3.18-mm outer diameter; 25 mm in length; Dow Corning, Midland, MI, USA) filled with β-estradiol (Sigma Aldrich) dissolved in sesame oil (Sigma) at 20 µg/mL to produce negative feedback levels of plasma estradiol-17β (E2). After 4 days, tubing was replaced with Silastic tubing (1.02-mm inner diameter; 2.16-mm outer diameter; 20 mm in length; Dow Corning) containing crystalline E2 to produce positive feedback levels of plasma E2. Two days later, blood samples were collected through a silicon cannula (0.5-mm inner diameter; 1-mm outer diameter; Shin-Etsu Polymer, Tokyo, Japan) inserted into the right atrium on the previous day. To detect LH surges, samples were collected every hour from 13:00 to 20:00 in unanesthetized and unrestrained conditions. Plasma was isolated by immediate centrifugation and stored at −20°C until use in LH assays. The day after blood sampling, animals were perfused with 4% PFA for subsequent use in Kiss1 in situ hybridization studies and GnRH immunohistochemistry (n = 5 per group). For double staining of Kiss1 and c-Fos, plasma samples were collected every hour from 13:00 to 17:00 to detect LH surges. All animals were perfused from 17:00 to 18:00 (non-DHT, n = 4; DHT, n = 5).
Experiment 3
To determine the effect of chronic exposure to DHT on ARC kisspeptin expression and pulsatile LH secretion, blood samples (100 μL) were collected through a silicon cannula 2 weeks after OVX (non-DHT, n = 4; DHT, n = 5) as previously described. Pulsatile LH secretions were detected by taking blood every 6 min for 3 h, with samples being replaced by an equivalent volume of washed red blood cells (obtained from other rats) to maintain constant hematocrit levels. Plasma was immediately obtained by centrifugation and stored at −20°C until assay for LH. The day after blood sampling, animals were perfused with 4% PFA for Kiss1 in situ hybridization and immunohistochemistry analysis of NKB.
Experiment 4
To determine whether central injection of kisspeptin-10 (rat kp-10, Peptide Institute, Osaka, Japan) induces LH release in DHT rats, brain surgery was performed (non-DHT, n = 6; ovary-intact DHT, n = 6) as previously described; samples were obtained as described in 'Experiment 3' section. Kp-10 was injected into the 3V of all animals (1 nmol/2 μL ultrapure water at a flow rate of 1 μL/min for 2 min) using a microinfusion pump 1 h after commencing blood sampling. Samples were obtained every 6 min for 2 h after kp-10 injection. Dosages of 233:3 kp-10 were based on a previous study (Pheng et al. 2009 ). Diestrus rats (non-DHT) served as controls.
Experiment 5
To determine the effect of a GnRH agonist on LH release in DHT rats, buserelin (1 μg/0.1 mL in 0.05 M PBS, Sigma) was administered intravenously to ovary-intact DHT (n = 6) or non-DHT (diestrus, n = 4) rats, 1 h after commencing blood sampling (Gajewska et al. 2002) . Samples were obtained as described in 'Experiment 3' section and were collected for 2 h after buserelin administration.
Experiment 6
To examine AR expression in kisspeptin neurons in the AVPV and ARC of female rats, we performed double-labeling fluorescence in situ hybridization and immunohistochemistry analysis, as previously described. In detail, normal adult female rats (200-250 g body weight (BW)) were perfused with 4% PFA at the cycling stage of diestrus. Sections containing AVPV or ARC were hybridized with an antisense RNA probe for Kiss1 and stained with anti-AR antibody, as previously described.
Statistical analysis
All data are reported as mean ± standard error of the mean (s.e.m.). Statistical differences in the number of Kiss1, GnRH-ir or NKB-ir cells ( Figs 1C, 2C , 2E, 3C and 4B) between groups were determined using an unpaired Student's t-test. LH pulses were identified with PULSAR algorithms (Merriam & Wachter 1982) . Statistical differences in mean LH concentration, as well as frequency and amplitude of LH pulses, were determined by nonparametric Mann-Whitney U test. LH surge ( Fig. 2A and  F) , kp-10 injection (Fig. 5A ) and buserelin administration (Fig. 5B) were evaluated with two-way repeated measures ANOVA (time and group (non-DHT or DHT)), followed by a Bonferroni correction.
Results
Body weight, estrous cycles and ovaries
At 10 weeks (55 days after DHT pellet implantation), DHT rats demonstrated a significant increase in BW compared with non-DHT rats (239.1 ± 3.4 g (non-DHT, n = 22) vs 303.7 ± 5.7 g (DHT, n = 37); P < 0.05). Further, the majority of DHT rats exhibited persistent diestrus (81.0%), whereas only 6.3% of DHT rats showed normal estrous cyclicity; estrous cycles recovered in some DHT rats showing persistent diestrus (12.7%). For this study, DHT rats with persistent diestrus were utilized. Ovarian weight of DHT rats was significantly lower than that of non-DHT rats (31.2 ± 6.1 mg/100 g BW (non-DHT, n = 23) vs 6.6 ± 0.7 mg/100 g BW (DHT, n = 35); P < 0.05). Further, ovaries in DHT rats displayed no corpus luteum (Fig. 1A) . Based on these results, and in agreement with a previous report (Manneras et al. 2007) , DHT treatment induced an increase in BW, persistent diestrus and an absence of corpus luteum in ovaries.
Distribution of Kiss1 mRNA in the AVPV and ARC of ovary-intact animals
Although AVPV cells expressing Kiss1-mRNA were found in both groups (Fig. 1B) , these cells were significantly suppressed in DHT rats compared with non-DHT rats (diestrus) (Fig. 1C) . In the ARC, cells expressing Kiss1-mRNA were also significantly suppressed in DHT rats compared with non-DHT rats (Fig. 1B and C) .
Expression of Kiss1 mRNA in the AVPV and LH surge in response to high levels of estrogen
To determine whether high concentrations of estrogen can induce an LH surge and expression of Kiss1 mRNA in the AVPV, animals were OVX and implanted with a tube containing E2. Figure 2A demonstrates an LH surge induced by high E2 in non-DHT rats, whereas this surge was undetectable in DHT rats (two-way ANOVA interaction between group and clock time factors, P < 0.01; main effect of clock time, P < 0.001; main effect of group, P < 0.05). In non-DHT rats, plasma LH levels at 14:00 and thereafter were significantly higher than group levels at 13:00 (P < 0.05, Bonferroni correction). In contrast, DHT rats showed very low plasma LH levels throughout the sampling period (not significant (NS), Bonferroni correction). The number of cells expressing Kiss1-mRNA in the AVPV did not vary significantly between the two groups ( Fig. 2B and C) . However, the percentage of Kiss1 cells expressing c-Fos was significantly lower in DHT rats compared with those in non-DHT rats ( Fig. 2D and E) . Change in plasma LH levels of rats utilized for double staining was identical to the result shown in Fig. 2A (Fig. 2F , two-way ANOVA interaction between group and clock time factors, P < 0.001; main effect of clock time, P < 0.001; main effect of group, P < 0.001). The number of counted Kiss1 cells did not differ significantly between groups (769.3 ± 51.7 cells per animal (non-DHT) vs 618.2 ± 88.1 233:3 cells per animal (DHT), unpaired Student's t-test). There were no statistically significant differences between groups with regard to number of GnRH-ir cells in the POA or calculated area of GnRH-ir fibers in the ME (Fig. 3) . Plasma estradiol levels did not differ significantly between groups after high E2 treatment (192.0 ± 25.0 pg/mL (non-DHT, n = 9) vs 210.4 ± 21.8 pg/mL (DHT, n = 9), unpaired Student's t-test).
Expression of Kiss1 mRNA and NKB-ir cells in the ARC and pulsatile LH secretion
To identify LH pulses and expression of Kiss1 mRNA in the ARC, non-DHT and DHT rats were ovariectomized and examined. Cells expressing Kiss1-mRNA or NKB were significantly decreased in the ARC of DHT rats compared with non-DHT rats ( Fig. 4A and B) . Further, pulsatile LH release was suppressed in DHT rats (Fig. 4C ), resulting in a significant decrease in mean LH levels (0.156 ± 0.0002 ng/mL, n = 4) compared with non-DHT rats (1.265 ng/mL, n = 4, P < 0.05). Frequency of LH pulses was also significantly suppressed in DHT rats (0 pulse/3 h) compared with non-DHT rats (6.25 ± 0.25 pulses/3 h, P < 0.05), as was LH pulse amplitude (0 ng/mL and 0.38 ± 0.04 ng/mL, respectively, P < 0.05).
Effect of kp-10 injection into 3V on LH release in DHT rats
To identify whether suppression of LH pulses was caused by decreased expression of Kiss1-mRNA in the ARC, kp-10 was injected into the 3V of DHT rats. Kp-10 induced LH release in non-DHT rats (diestrus), while having no effect on LH release in DHT animals ( Fig. 5A ; main effect of time, P < 0.001; main effect of group, P < 0.05; interaction between group and time, P < 0.001). After kp-10 injection, plasma LH levels were higher than blood samples taken just before injection in non-DHT animals (post hoc Bonferroni correction, P < 0.05), whereas in DHT animals, LH levels remained unchanged after administration of kp-10.
Effect of GnRH agonist (buserelin) on LH release in DHT rats
As intracerebroventricular injection of kp-10 did not affect LH release in DHT rats, buserelin (a GnRH agonist) was administered intravenously to DHT rats to identify the sensitivity to GnRH within the pituitary. Immediately after administration of buserelin, plasma LH levels were found to be elevated in diestrus non-DHT rats ( Fig. 5B ; main effect of time, P < 0.01; main effect of group, P < 0.01; interaction between group and time, P < 0.001). After buserelin injection, plasma LH levels were significantly higher than those before administration in non-DHT rats (post hoc Bonferroni correction, P < 0.05), whereas plasma LH levels in DHT rats remained low and unvaried after buserelin injection.
Coexpression of kisspeptin and AR in the AVPV and ARC
We determined whether kisspeptin neurons express AR in the AVPV and ARC of normal adult female animals. Figure 6 shows double-labeling fluorescence in situ hybridization and immunohistochemistry analysis for Kiss1 and AR. Approximately 63.1 ± 9.2% (n = 4, approximately 300-540 cells per animal) of cells expressing Kiss1-mRNA in the ARC also expressed AR. In contrast, cells expressing Kiss1-mRNA in the AVPV hardly expressed AR (1.5 ± 0.5%, n = 6, approximately 130-175 cells per animal).
Discussion
We provide the first demonstration of Kiss1 neurons expressing ARs in the ARC of female rats. A previous study in male mice revealed a high percentage (64%) of Kiss1-mRNA-expressing neurons also express AR mRNA; further, ARC Kiss1-mRNA expression was reduced by DHT treatment in castrated mice (Smith et al. 2005) . In the present study, both Kiss1 and NKB expression in the ARC of rats was reduced by DHT. Moreover, LH pulses were suppressed and estrous cycles manifested as persistent diestrus in these animals. As kisspeptin and NKB neurons in the ARC are believed to be involved in LH pulse generation, our results suggest androgen inhibits kisspeptin and NKB expression through ARs in the ARC, leading to suppression of pulsatile LH secretion.
In contrast to the ARC, few kisspeptin neurons expressed ARs in the AVPV of female rats. Thus, AVPV kisspeptin neurons were detected in the context of high E2 treatment, even in female rats exhibiting hyperandrogenemia. In ovary-intact DHT rats, a decrease in the number of Kiss1-expressing cells in the AVPV appears to be associated with a decrease in endogenous estrogen. Although no difference in expression of AVPV kisspeptin neurons was observed, the percentage of kisspeptin neurons expressing c-Fos was significantly lower in DHT rats. Thus, androgen may indirectly affect 233:3 AVPV kisspeptin neurons. However, approximately 60% of kisspeptin neurons in DHT rats expressed c-Fos, whereas an LH surge was undetected. Additionally, in one out of five DHT rats, approximately 71% of kisspeptin neurons expressed c-Fos, whereas an LH surge was undetectable similar to other DHT rats. Thus, suppression of LH surges elicited by androgen may primarily be the result of pathways other than inhibition of AVPV kisspeptin neurons. Indeed, AVPV kisspeptin neurons seem to be indirectly affected by androgen because of an absence of AR. However, we did not investigate whether AVPV kisspeptin neurons express membrane androgen receptors, and thus, it remains possible that androgen directly affects AVPV kisspeptin neurons.
Although AVPV kisspeptin neurons are a target of estrogen-positive feedback to induce GnRH/LH surges , no LH surge was detected after high E2 treatment in DHT rats. As our results demonstrate, GnRH agonist-induced LH release is suppressed in DHT rats, chronic exposure to androgen may impair pituitary responses to GnRH. In primary pituitary cultures from monkeys and rats, ARs are expressed in gonadotrophs (Okada et al. 2003) ; thus, it is possible that androgen directly inhibits gonadotropin release in the pituitary of female animals. Further, as female patients exhibiting hypogonadotropic hypogonadism due to an inactivating mutation in KISS1 have blunted LH and follicle-stimulating hormone (FSH) responses to GnRH (Topaloglu et al. 2012) , reduced responses to GnRH may be associated with a reduction in the expression of kisspeptin in ARC neurons. Hence, chronic suppression of pulsatile LH secretion may reduce pituitary responsiveness to GnRH. Although present studies indicate single-shot injections of GnRH agonist or kp-10 do not induce LH release in DHT rats, it appears that LH levels were slightly increased by GnRH agonist. At least, DHT rats in this study showed disruption at both the hypothalamic and pituitary level, which may be associated with the suppression of LH surges induced by high E2. However, we cannot deny the possibility that GnRH and/or kisspeptin priming may evoke high E2-induced LH surges in DHT rats.
Our results indicate chronic exposure to DHT suppresses pulsatile LH secretion in female rats, whereas women with PCOS appear to have high LH secretion in relation to FSH (Abbott et al. 2009) . Results of the present study did not fit into characteristics of PCOS patients. Testosterone has been shown to suppress LH and FSH secretion independent of peripheral aromatization in both men (Santen 1975 , Marynick et al. 1979 and women (Serafini et al. 1986 , Spinder et al. 1989 . In one report, a woman with undiagnosed virilizing lipoid-cell ovarian tumor exhibited low basal gonadotropin levels with no discernible pulsatility or response to GnRH (Barkan et al. 1984) . Thus, androgen seems to suppress pituitary gonadotropin secretion in both sexes.
AVPV kisspeptin neurons barely expressed ARs in female rats, whereas ARs are expressed in the majority of kisspeptin neurons in the rostral periventricular area of 3V, a target of estradiol-positive feedback mechanism, in male mice (Clarkson et al. 2012) . There may be a difference between mice and rats. Further studies are needed to confirm sex or species differences on AR expression in kisspeptin neurons.
In conclusion, our study proved excessive androgen levels suppress kisspeptin expression in the ARC, resulting in subsequent suppression of LH pulses. In contrast, kisspeptin neurons in the AVPV appear to be directly unaffected by androgen. The mechanism underlying suppression of high E2-induced LH surges in DHT rats may involve disruption at both the hypothalamic and pituitary level. Hence, hyperandrogenemia may be associated with anovulation and menstrual irregularities by adversely affecting ARC kisspeptin neurons and, conceivably, pituitary function.
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